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The &horption properties of Sephadex gels coupled with different electron- 
acceptor ligands have been compared with one another and with the unsubstitnted 
matrix gel. The introduction of an acceptor &and increases the adsorption strength 
for presumptive donor solutes to an extent that depends on the electron afkity of 
ffie immobilized acceptor. We therefore interpret the phenomena observed as being 
caused primarily by electron transfer, but probably reinforced by other energyex- 
change mechanisms such as ion-dipole and dipole-dipole interactions, dispersion 
forces, hydrogen bonding and water-mediated adsorption, including hy$rophobic 
interactions. 

Charge-transfer(CT) chromatography on highly cross-linkeddextranderivatives 
can be used for de&king, “desugaring” and group separations and for the efkctive 
separation of aromatic compounds of small molecular size, etc. Charge-transfer 
chromatography is a separation method that + performed under mild conditions and 
is thus suitable for the fractionation of substances where the use of gas chromato- 
graphy, for example, is not feasible. CT chromatography is linear and the capacity 
can be high. Coioured adsorption complexes have been observed in some instances. 

The behaviour of amino acids, peptides, vitamins and a few other substances 
studied on the CT adsorbents indicates the potentialities of CT chrom&tography, 
which can k-developed to suit various needs. 

However, the adsorption of aromatic and heterocyck compounds on un- 
charged hydrophilic gels coupled with electron-acceptor ligands is not likely to be 
caused-by ekctron charge transfer done. The water close to the matrix, which prc- 
sumably is less mobile than the bulk water, may participate in hydrogen bonding, 
dipokdipole or ion-dipole imkractions with the solutes under investigation and thus 
be responsi@le for-what may be called water-mediated aahrprion. 

lNFRODUCTION 

Charge-knsfer (m chromatography in o-c media, which has been dis- 
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cussed elsewhere’, has so far not proved promising. In this paper we present the 
first comprehensive study of CT chromatography on hydrophilic or amphiphilic gels 
in aqueous media. After the discovery of the molecular-sieving properties of cross- 
linked dextran (Sephadex)‘, some earlier investigations3*4 indicated the existence of 
solute-gel interactions. The phenomena were later studied in considerable detail by 
Porath and co-workers-, who suggested that the adsorption of the aromatic amino 
acids might be due to interaction between the z-electrons of the aromatic ring systems 
and hydrogen or hydroxyi groups in the matrix or in the gel-bound water. Other 
observed phenomena may be due to charge-transfer effects such as the retention of 
halogen compounds (e.g., chloroform). 

These adsorption phenomena, which do not appear to be related to ionic ad- 
sorption, should, if reinforced, be very useful as a new principIe of separation. With 
this aim in mind, some studies were made with dinitrophenyl derivatives of Sephadex. 
These and other orienting experiments have recently been reported in a short com- 
municationg and in some reviews1G12. 

Particularly penetrating theoretical and experimental studies have been carried 
out for benzene-iodine interactions. Some other types of complexes, such as those 
involving aromatics and aromatic nitro compounds, are more interesting in view of 
their possible chromatographic applications. 

We shall not delve deeply into the theory of molecular complexes, but shall 
refer to Mulliken and Person’s work13 and to some of the monographs and reviews 
that have been published in increasing numbers”-*‘. For our purpose it is sufficient 
to give a brief account of the basic ideas. 

Nomenclature 

Adsorption of the type treated here is based on the formation of a molecular 
complex. “Molecular complex chromatography” would therefore be a logically jus- 
tified term, but it is clumsy, imprecise and too general as it would include, for ex- 
ample, all kinds of bioaffinity chromatography. 

When the ligand is a strong electron acceptor or electron donor, it would be 
appropriate to use the terms “charge-transfer adsorption” or “charge-transfer chro- 
matography” (abbreviated to CTC>. An alternative terminology would be “electron 
alZnity chromatography=, but this is unsuitable and even misleading. The important 
point is, however, that the selected ligand-gel adsorbent exhibits maximal charge- 
transfer effects, although we are well aware that factors other than charge transfer 
may play a significant and sometimes even a dominant role in the adsorption process. 

Abbreviations. CT = charge transfer; EDA = electron donor-acceptor; 
CTC = charge-transfer chromatography: EDAC = electron donor-acceptor chro- 
matography; HOMO = highest occupied molecular orbital; LEMO = lowest empty 
molecular orbital; EP-Sephadex = epoxypropyl-Sephadex; ANA-Sephadex = ami- 
nonaphthalamide-S-Sephadex; PCP-Sephadex = pentachlorophenyl-S-Sephadex; 

l Electron donor-uazeptor chromatography (EDAC) is also a acceptable alternative and 
preferable to those who use the concept charge-transfer in 2 narrow sense where resonance enerH 
makes a major contribution to the stabilization of the adsorption complex. 
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MHP-Sephadex = y-mercapto-@-hydroxypropyl-Sephadex; DNP-Sephadex = 2,4- 
dinitrophenyl-S-Sephadex; DCQ-Sephadex = 4,5dicyano-2-chloro-p-benzoquinone- 
(1)~S-Sephadex; EDTA = ethylenediaminetetraacetic acid; DMSO = dimethyl 
sulphoxide. 

Theoretical considerations 

Molecular compounds or intermolecular complexes are formed as a result of 
coulombic and polarization forces. Mulliken and Person’3 have shown that in ad- 
dition to these forces an electron displacement or transfer from one of the components 
(the donor) to the other (the acceptor) may contribute to the stabilization- of the 
complex. 

Two substances, D (donor) and A (acceptor), form the molecular complex 
AD: 

AfDZAD (la) 

The strength of the complex AD is determined by the association constant, K_ In 
order to be able to apply this concept in chromatographic experiments, either of 
the species A or D *must be immobilized to an insoluble matrix support. The im- 
mobilization should preferably be carried out by covalent coupling of A or D to 
the matrix as a “ligand”. For example, &&ion of A to the matrix will give an ad- 
sorbent that will remove D from a surrounding solution by formation of the adsorbate 
complex AD. If the compIex constant is not too large, a molecule of D will travel 
through a bed of immobilized A (an “acceptor-adsorbent”) and, during its passage, 
will be alternately adsorbed and desorbed. Consequently, D will be retarded to an 
extent that depends on the association constant, K, the concentration of A (degree 
of substitution), the permeability of the gel to the solute D (Le., the space available 
for the complex AD) and the ratio of gel to free liquid. 

The K values given in the literature usually lie within the range O-100 1 
mole-’ and consequently D may travel independently of its concen’-ration in the bed 
(linear chromatography). However, as most inves;igations on charge-trarisfer reac- 
tions have been carried out with non-biological systems, the K values in the literature 
are of dubious value for reactions in aqueous media, Entirely different conditions 
prevail in aqueous media and, moreover, the immobilization of one of the interacting 
species will restrict its molecular motility and will thus influence, in an unpredictable 
way, the magnitude of the complex constant. 

According to Szent-Gy6rgyilS, Pullman and Pullmans, Kosower23 and others, 
charge transfer may play a role in various biological phenomena_ Others are sceptical 
about the significance of charge-transfer interactions between biomolecules. How- 
ever, adsorption due to charge transfer between biomolecukes and a CT ligand that 
is deliberately selected to facilitate the electron transfer (processes in CTC) can be 
demonstrated experimentally, as opposed to what can be expected in living systems 
or in vitro between biochemically import-t interacting molecules. 

As indicated earlier, most experiments on charge transfer have so far been 
performed in organic solvents. Electron transfer from D to A is likely to be facilitated 
in polar solvents such as water, as the solvation of the components A, D and AD 
probably enhances the complex formation in a manner analogous to that in which 
hydrophobic interactions between non-polar substances are promoted in water. 
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For chromatography in aqueous media and with an immobilized acceptor, 
eqn. la may be mod&d to 

This equation does not take into account ionization. Aheady published result9 in- 
dicate that attraction between certain aromatic biomokzcnles and strong electron ac- 
ceptor gels probably cannot be explained even with eqn. lb. We therefore be!ieve 
that water ionizes the molecular complex, at least in some instances, to form ion- 
pair adsorbates : 

or 

. Matrix-O [ADlo-+,, i pHzO * Matrix-0-A-,,,o,,D+ orro,_, (ld) 

Such ionization of charge-transfer complexes has been shown to occur in polar SOL 
vents’*. Ions and ion radicals may be formed. The salvation contributes to the 
stabilization of the ion pair. The stabilization energy, -AH,,,, is large and can, 
for ions of radius 5 A, be as much as 110 kcal per mole of water”. 

In this introductory stage of our methodoiogical study, we have selected mainly 
@no acids and peptides as model donors, but we also included some vitamins and 
heterocyclic compounds to demonstrate that CTC has a wide range of applications. 
The donor properties dominate for the aromatic substances, and consequently we 
are at present most interested in synthesizing acceptor adsorbems, viz., immobilized 
electron acceptors. This can be achieved if one Gnds suitable (1) acceptors, (2) matrices 
and (3) methods to attach the acceptors covalently to the matrix. These problems 
are mutually interdependent but we have already devised some general solutions to 
the last two problems as a result of many years of systematic studies~~25. 

For guidance in the selection of suitable acceptors, we can start from the fol- 
lowing facts. In their simplified valence-bond treatment Muliiken and Personz3 de- 
scribed the ground state and exited state of a molecular complex by the composite 
time-dependent wave functions y‘v and TD~, respectively: 

Y&D-A) = z;yo$) + by,@+-A-) 
Dative bond 

and 

(2a) 

Y~@~A) = --b*rpO(D, A) -i- &vr(D+-A-) (2b) 

where vpo and yr are wave functions for the indicated states and the coefhcients a, 
b, P and af describe the relative contributions from the different structures. TO ob- 
tain the energy eigenvalues and construct the energy level diagrams (Fig. I), it is 
necessary to solve the SchrGdinger equation: 

wy= wy (3) 
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Fig. I_ JZnergy d&ram for the mokcular complex D_A_ Excitztion from the ground Ievkl <indicated 
by the arrow) results in absorption due to both local& excited states and charge-trzmsfer states (lpp)_ 
The charge-transfer transition band might be in the visible region of the spectmm. Coloured zones 
have occasionally been observed in CiT chromatography. W0 - WN is the charge-transfer contribution 
to the binding energy. W- - W, is that part of the total binding energy (W, - W,) which depends 
on dipok-dipok and charge-dipole interactions, dispersion forces, etc. 

where ‘p. W and N are the eigenfunction, energy eigenvalue and the Hamiltonian 
operator, respectively_ Approximate solutions can be found in special cases. 

In the mokcular orbital treatment, the ‘?Zickel approximation” for z-electron 
systems makes it possible to evaluate the energy levels of aromatic, heterocyclic and 
unsaturated substances. Dewar and Lepleyt6 treated weak interactions using perturba- 
tion methods. Fig. 2 shows schematically the electron transfer from the highest oc- 
cupied molecular orb&& (HOMO) to the lowest empty (antibonding) molecular 
orbital (LEMO). To characterize the energy conditions for the formation of a charge- 
transfer complex, the relative positions of HOMO and LEMO are of decisive im- 
portance. 

Pullman and Pulhnan16 calculated the ener,y, E, for a large number of bio- 
molecules according to the equation 

E = a -I- ?c& (4; 

where Q and #I are the coulombic and resonance integrals, respectively, and the co- 
efficient kl is negative for vacant orbitals. With the approximations made by Pullman 
and Pullman, the resonance integral b M 3.26 in electronvolts, and consequently the 
resonance energy is 3.26 keV. The term E HOMO corresponds to the ionization ener,T 
of the donor and E LEMo to the electron affinity of the acceptor. The smaller the energy 

Fig. 2. Energy level dkgrzm for acceptor and donor orbitak. El&on transfer from HOMO of the 
donor to LEMO of the acceptor and electron spin (indicating occupied orbit&) are marked by arrows. 
After Dewar and LepIeF. 



Fig. 3. Pkxiple diagram showing the reIative electron acceptor-donor properties (k values according 
to eqn. 4). The shorter the energy distance between D and A the easier will the electron tramfer take. 
place. D, gives a stronger complex with Al than &XS D:. 

difference, de, between HOMO of the donor and LEMO of the acceptor the stronger 
will be the resonance between the structures D, A and D+A-. Fig. 3 shows the priu- 
ciple of the energy level diagrams for HOMO and LEMO for donors and acceptors. 

If we confine ourselves to the search for acceptors with z-ekctrons, we can, 
with the help of the literature 13-Z, differentiate between some especiahy promising 
ligand classes : 

(1) Nitroaromatics, e.g., 

(2) Aromatic dicarbonic acid anbydrides and amides, 
e.g., 

(3) Quinones, e.g., 

0 

El I 0 cl 

0 

We have not found any report about the acceptor properties of strongly halogenated 
aromatic ethers and thioethers, but we nevertheiess included the following in our 
material : 

u Cl 

(4) Exhaustively halogenated aromatics, e.g., cl/ \ 
0 

- 
cl Cl 

Tbe selection of reagents was based on the balance between the acceptor properties, 
the solubility in a suitable reaction medium and hydrophobicity. The last two prop- 
erties limit considerably the number of suitable acceptor substances at present. The 
occurrence of a multinuclear aromatic ring system certainly improves the acceptor 
properties (k, in eqn. 4 approaches zero), but at the same time the:hydrophobicity 
increases, resulting in a subsequent decrease in solubility in aqueous media. For these 
reasons it is necessary to select comparatively simple aromatics or quinones as re- 
agents for the synthesis of hydrophilic acceptor adsorbents. 
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The water may afkct the adsorption process not only as indicated by eqns. 
lb and lc but also by mediation of the presumably hydrogen-bonded, less mobile 
water close to the matrix. This partly immobilized water appears in some instances 
to facilitate and in other instances to obstruct the adsorption process. 

We can assume that the water-mediated adsorption occurs as follows: 

MOH _.I H,O + S zz MOH _.. H,O ._. S it MOH _._ Hz0 f S @a) 
rt 
MOH + Hz0 . . . S 

or 

M-X . . . (E&O), f S(H,O),z M-X . . . (T&O), --- S + (m f n ---PI J&O 
CW 

where . . . indicates weak interactions, S is the solute adsorbed or desorbed, M is the 
matrix and X is a substituent that will convert the gel into a hydrophobic or 
amphiphilic adsorbent if it is hydrophobic or will convert the gel into a charge- 
transfer adsorbent if it is an electron-acceptor donor. IQ the latter instance eqns. 
5b and lb become identical. 

By introducing X, the water may be more tightly bound to the matrix and 
thereby increase the attraction of adsorbed solute to the hydrated matrix, with an 
increase in the elution volume as a consequence. The attraction may be caused by 
hydrogen bonding, dipole-dipole or ion-dipole interactions and depends on tile na- 
ture of X and S as well as on the composition of the solvent and the temperature. 

The water shell around the ligands and matrix is likely to cause steric hindrance 
to the approach of many solutes closely enough to the ligands for effective electron 
transfer or other interactions to occur. This may explain the many deviations ob- 
served from expected chromatographic behaviour. 

EXPERIMENTAL 

Chemicals 

Pentachlorothiophenol was a gift from Bayer (Wuppertal, G.F.R.), and we 
express our gratitude to Prof. R. Krebs and Drs. Schlitz and Pliimpe. 1-Chloro-2,4- 
dinitrobenzene and 2,3-dichloro-5,Bdicyano-p-benzoquinone (analytical-reagent 
grade) were purchased from Merck-Schuchardt (Darmstadt, G.F.R.). 4-Amino-l,% 
naphthalamide was obtained from ICN Pharmaceuticals, Life Sciences Group (Plain- 
way, NY., U.S.A.). 

Bachem Feinchemikalien (Bubendorf, Switzerland) supplied Tyr-Tyr, Tyr,, 
Phe3, Val-Tyr-Val, Glu-Val-Glu, Trp-Trp and His-His. “Hybrin” (Pharmacia, 
Uppsala, Sweden) was used as a “commercial” sample of ascorbic acid. Chlor- 
promazine (Hibemal) was a gift from AB Leo (Helsingborg, Sweden), for which we 
thank Dr. Stig Herbertsson. The amino acid mixture used was the reference standard 
of Beckman Instruments, (Palo Alto, Calif., U.S.A.). Sephadex G-25 was obtained 
from Pharmacia. Other chemicals were analytical-reagent ,orad products obtained 
from well known chemical companies. 
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Adrorbents 
(a) EP-Sephadex G-25 (epoxypropyi-Sephadex, “‘activaiefl Sephadex) : 

!3ephadex-O-CH, 

Y 

Sephadex (100 g) that was swollen in water and suction-dried was introduced into 
a three-necked 2-1 flask followed by 50 ml of 2 M NaOH, 0.2 g of NaBH$ and 5 
ml of epichlorohydrin. An additional 50 ml of 2 M NaOH and 25 ml of epichloro- 
hydrin were slowly and continuously introduced simultaneously over a period of 4-5 
h with moderate stirring. The stirring was continued overnight at room temperature_ 
The gel was collected on a glass fiiter and washed with water or alkaline solution 
for immediate use according to the coupling conditions described below_ 

(b) ANA-Sephadex G-25 (ominonaphthatamide-Sephadex) : 

SEPHADEX-0-cH2d40!+Fw, 

NH 

Wet EP-Sephadex G-25 (100 g) was washed with a mixture of 0.1 &f NaOH and 
dimethyl sulphoxide (1:4). The gel was suspended in 200 ml of the NaOH-water- 
DMSO mixture and 10 g of Camino-1,8-naphthalamide were added. The reaction 
was carried out in a 2-l round-bottomed flask overnight at room temperature with 
moderate stirring. The gel was washed on a titer successively with DMSO, acetone, 
ethanol and water. 

The gel used in the chromatographic experiments was analysed and found to 
contain 0.268 o/0 IV or 191 pmole of nitrogen per gram of dry gel substance, i.e., about 
95.pmoIe of coupled ligand. As the analysis of hydrophilic gels is usually diacult 
(owing to the uncertainty in the residual water after extensive drying and the extreme 
hydroscopic properties of the dry gel), we estimate the nitrogen content to be about 
1CKI PmoIe per gram of dry matrix substance. 

(c) PCP-Sephadex (pentachlorophenyl-S-Sephadex G-25) : 

SEPHADEX-O-CW+40H-~Hz 

S 

a 

Suction-“dried” and swollen EP-Sephadex G-25 (100 g) was washed with at least 5 
volumes of 0.5 M NaOH in 50% ethanol containing 0.5 g of NaBI&. The get was 
transferred into a 2-l round-bottomed flask equipped with a stirrer. Pentachlorothio- 
phenol (10 g) dissolved in 100 ml of the alkaline solvent was added. The reaction 
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was allowed to proceed overnight at room temperature. The gel was then washed 
extensively on a glass filter with warm ethanol, acetone and fmally hot water. 

The gel used in the chromatographic experiments was found to contain 1.32 % 
S and 6.36% Cl, corresponding to 413 and 1789 pmole per gram, respectively, of 
dry substance. The molar ratio should be 1:5. The disagreement with the expected 
ratio is probably due to the uncertainty in the cbl&ine analysis. The l&and content 
of approximately 400 @mole per gram of matrix substance is one of the highest among 
the charge-transfer adsorbents studied up to now. 

(d) MHP-Sephadex G-25 (y-mercapta-/I-hydroxypropyl-Sephadex G-25) : 

Sephadex-O-CH,-CHOH_CHiSH 

This is an intermediate in the synthesis of DNP- and the quinone gels. The synthesis 
was carried out as follows. 

Swollen EP-Sephadex (100 g) was washed with 0.1 M NaHCO, containing 
0.001 M EDTA and transferred into a 2-l round-bottomed flask and 50 ml of mercap- 
tuethanol were added. The suspension was stirred for 1 h at room temperature. The 
gel was washed with 5-6 1 of deaerated water and used immediately for coupling 
with the desired ligand substance. 

(e) Dh?P-Sephadex, 2,4-dirritrophenyl-S-Sephadex : 

Wet MHP-Sephadex G-25 (100 g) was washed with an ethanolic solution consisting 
of 0.1 M NaHCO, in 50% ethanol containing 0.001 M EDTA. The gel was traans- 
ferred into a 2-1 reaction flask, then 100 ml of the ethanolic solution were added 
together with 1.5 g of l-chloro-2,~iaitrobenzene. The reaction was allowed to pro- 
ceed for 2 h at room temperature with stirring. The gel was washed extensively with 
water, ethanol, acetone and water, in that order. 

This gel is usually yellow but may occasionally turn green, in which event 
it should be washed with acidic buffer (pH about 3) in order to obtain a permanent 
yellow colour. The gei used in our experiments was found to contain 1.35 % S and 
0.56 % N ,corresponding to 420 pmole of sulphur and 400 pmole of nitrogen, respecti- 
vely, per gram of dry substance. The ligand content was thus about 200 pmole per 
gram of matrix substance and the yield was ca. 45 y0 based on the sulphur. 

(f) DCQ-Sephadex (4,5-dicyano-2-chloro-p-ben.zoquinone-S-Sephadex), with 
the most likely mat% substituent: 

. 0 

SEPHADM-0-CH$iHOH-t+-S 

2 I&" 0 
0 

(i) Method I (high substitution). Freshly prepared MHP-Sephadex (100 g) was 
extensively washed with 0.1 AM NaHCO, and reduced with NaBHi (0.5 g per 100 ml 



of 0.1 M NaHC03) for 15 minutes and then washed with Z-8 vohunes of 1. I M 
NaHC03, The gel was suspended in 100 ml of 96% ethanol and transferred into a 
2-l round-bottomed flask equipped with a stirrer. A 4-g amount of 2,3-clichloro-$6 
dicyano-p-benzoquinone was added cd the reaction was allowed to proceed at room 
temperature ovemigbt. The gel was washed prith 3 l of water at room temperature 
and then with 200 ml of hot ethanol, 200 nil of hot water, 100 ml of hot acetone 
and Snatly with 11 of hot water. 

The reddish brown gel was found to contain 2.29 % S, 0.506 % N and 0.73 % 
Cl, corresponding to approximately 200 pmole of quinoue substitient and 500 pmole 

of excess sulphur per gram of dry gel substance- 
(ii) Method II (low s&stirztion). The synthesis was the same as in method 

I except that the intermediate MHP-Sephadex was prepared -using only 10 ml of 
mercaptoethauol instead of 50 ml_ The gel was found to contaiu 0.259 o? N and 0.22 y0 
Cl, coiresponding to 184 and 62 pmole of nitrogen and sulphur, respectively, per 
gram- We estimate the substitution to be about 75 pmole of ligand per gram of dry 
gel substance. 

Methods 
Fractionation experiments with artificial amino acid mixtures. These experiments 

were performed on two columns coupled in series, each column having the dimensions 
39.5 x I.4 cm (V, = 62 ml). The beds consisted of pentachlorophenyl-S-Sephadex 
and dicyanochloro-p-benzoquinone-S-Sephadex in 0.01 M NaHC03 (pH 9.0) or 0.1 
M NaOAc (pH 5.0). The experiments were performed at room temperature_ A 5% 
ml volume of the Beckman amino acid reference mixture was evaporated to dryness 
and the amino acids were dissolved ic 5.5 ml of equilibrating buffer to which trypto- 
phan was added to about 110 absorbance units (280 nm)). 

A OS-ml volume of sample was introduced into the column, followed by elu- 
tion with equilibrating buffer at a rate of 4.2 ml/h until 1.5 V, had passed, and there- 
after the flow-rate was increased to 10.2 ml/h. Fractions of 1.4 and 3.4 ml, respec- 
tiveiy, were collected (a Fractomat FRS fraction collector from St&lprodukter, Upp- 
sala, Sweden, was used throughout this study)_ Aliquots of 0.5 ml were taken for 
ninhydrin analysis according to Moore and Steins. The absorbances at 230 and 280 
nm were also measured. The amino acids in pooled fractions were then determined 
with a Durrum D-500 Amino Acid Analyzer. 

Exploratory aaTsorption experiments_ These experiments were aimed at inves- 
tigattig the characteristics of the gels and were carried out on coIumns of two dif- 
ferent sizes. AU experiments in which V,JV, > 10 and those where 4 M NaCl was 
used were carried out on short columns (6-O x 1.02 cm); all other experiments were 
carried out using a Pharmacia K-15 column with a bed of 23.5 x 1.5 cm (Vr = 40 
mi). The eluents used were 0.1 M sodium formate @H 3.2) or 0.1 M ammonium 
carbonate (PH 8.8). Typically, a OS-LO-ml sample containing 10 absorbance units 
(280 nm) was introduced into the bed. The chromatogram was developed at a ffow- 
rate of 10 ml/h. The effluent was allowed to pass through an LKB Uvicord, Type 
4701A. The experiments were performed at room temperature (20 I, lo) and in a 
cold-room (4”). 
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Study of lke &i!&pti*n properties of ctimmon tiino crcids 

Fig. 4 shows the elution profile of the test amino acid mixture after chro- 
matography on the quinone gel. The test sample contains all of the common amino 
acids usu811y present in protein hydrolysates. The result shows that the- quinone gel 
resolves the amino acid mixture into distinct groups separated according to the mole- 
cular structure with respect to z-electron, lone electron pair content and charges 
(interfering with the z-electro~ cloud of the benzene or imidazole ring systems). 

Fig_ 4. Fractionation of a .syntheZic amino acid mixture at pH 5.0 (0.1 M sodium acetate), 20”, on 
DCQ-Sephadex G-25. 

Studies of various factors affecting tke adsorption 
In order to investigate further how the adsorption depends OQ various chemical 

and physical factors, a number of simple model substances were run. The experiments 
were carried out on different gels, at two temperatures (4 and 207, at two pHs (3.2 
and KS), and in some instances in the presence of a high concentration of salt (4 M 
N&l). “Control experiments” were carried out on Sephadex G-25. . 

Table I s ummarizes the results of this study. It is compiled from the results 
obtained with short columns with di@erent acceptor gels of clif&erent degrees of sub- 
stitution. The errors in the V’/V, values are calculated to be within about 10 %, 
and we therefore believe that the results can be used for meaningful comparisons 
and semiquantitative evaluation of the different adsorption characteristics that we 
will discuss separately. All substances in virtually all experiments travelled through 
the he& as well defined zones and were eluted as symmetrical peaks. The adsorption 
is thus iiuear, except possibly for substances that are very strongly adsorbed (V,l 
V, > 30). 

Adsorption to tke mmtrix supporr. A comparison between Sephadex G-25 and 
glycerol-substituted Sephadex G-25 showed that treatment of the former with epi- 
chlorohydrin followed by alkaline hydrolysis results in a moderate increase in 
adsorption of indole derivatives and other aromatic substances (results not presented 
in this paper). 

Efict of temperature, With few exceptions, the adsorption increased as the 
temperature is decreased from 20 to 4”. The most prominent exceptions are Phe, 
PhePhe and PheJ, which in all instances examined showed the .opposite temper- 
ature dependence. 

Eficz of PH. A comparison of the adsorption displayed by the model sub- 



TABLE I 

EFFECTS OF TEMPERATURE, pi-l AND SALT CONCENTRAVON ON ADSORFJXON USING 
Dm?IT GELS 

Substance Adrarbent and ligand concentration (pmolejgl 

Sephadex G-25: 0 PCP-Sephudex G-25: w#OO DNP-Sephcdex G-25: -200 

PH3-T pH 8.8, pH 32 pH 8.8 pH3.2 pH 8.8 

20” 20” 4” 20” 20”’ ia 20” 4” 20” co 20” 

Dopamine 
Tryptamine 
Serotonin 

TYr 
TX-Tyr 
Tyr-Tyr-Tyr 

1.7 1.7 
3-4 2.7 

1.1 1.3 
1.2 1.8 
1.9 2.1 

1.0 1.0 
1.5 1.2 
1.7 1.4 

0.8 1.0 

3.7 
>40 

1.6 
4.2 
4.9 

1.2 
2.6 
5.9 

0.8 His . 

Phe 1.0 1.0 1.1 
Phe-Phe - - - 
Phe-Phe-Phe - 1.1 - 

Val-Tyr-Val 0.9 0.8 1.0 
Glu-Tyr-Glu 1.0 0.8 1.5 

p 4 M NaCl included in the eltlent. 

2.8 7.9 2.6 2.6 3.9 2.7 
19.0 >40 - 14.0 >30 >30 

1.6 co 1.5 1.3 1.6 1.6 
3.3 17.0 4.0 3.8 3.8 3.2 
3.7 14.0 4.4 3.6 5.6 4.1 

1.1 2.3 0.9 1.0 1.1 1.1 
2.0 12.0 1.4 1.5 3.4 3.2 
4.6 35 2.6 2.6 9.4 7.4 

0.7 1.3 0.8 0.8 0.6 0.6 

1.0 1.7 0.8 1.2 0.9 09 
- 1.4 2.0 - - 
- - 2.8 3.9 - - 

l-4 - 0.7 0.8 0.9 1.5 
1.4 1.9 0.8 0.6 1.5 1.5 

2.8 
>30 

1.6 
5.0 
7.8 

1.0 
1.8 
4.3 

0.6 

2.5 
4.3 

1.6 
3.3 
5.3 

1.0 
1.7 
3.7 

0.7 

0.7 1.4 
1.1 2.0 
1.8 28 

0.6 0.7 
0.8 0.6 

stances showed a weak pH dependence for tyrosine, tryptamine, dopamine and 
tryptophan. This dependence is more marked for the peptides (‘Fable I)_ It is in- 
teresting that whereas tyrosine, tryptophan and peptides containing these amino acids 
are adsorbed more firmly at low pH on the unsubstitutecl “matrix gels”, the opposite 
is true for dopamiue, tryptamine and serotonin. Hi&line is more strongly adsorbed 
at higher than at low PH. In general, the adsorptiou effects are influenced to the 
same extent both on the “matrix gels” and on the acoeptor gels, but the behaviour 
of some of these substances are at variance w&h this con&slcm; thus, with trypt- 
amine, dopamine and serotouin the adsorption increment has the opposite sign on 
pentachlorophenyl-S-Sephadex. 

Efict ofsalt. The influence of salts on the C’I adsorption has been mentioned 
earliePJ2. It can be large, as seen in Table I. Trityrosine, for example, is so strongly 
adsorbed’ at 20” and pH 3.2 in 4 M NaCl that the adsorption is no longer linear, 

_ The salt dependence is very different for different subs’ances, a fact that can be used 
to advantage in practical applicetious, for example, to increase the adsorption ca- 
pacity Bnd separation power. It thus appears impossible that the salt effect might 
be used for desalting and exchange of buffer systems. However, assuming VJVr > 1, 
the advancing rear salt boundary will travel at a higher speed than the adsorbed 
donor substance (see below). . . 

Experiment with chZorpromazine 

A column of ANA-Sephadex G-25 gel (V r w 5.0 ml) was prepared in 0.1 M 
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DCQ-Sephadex G-25: m 70 DCQ-Sephadex G-25: ~200 

pK3.2 pff 8.8 PH 3.2 PffS, Pff7, 

4O 20” 20°’ 4O 2o” 4” 20” 2oO” too 

3.4 
>30 

3.6 
9.0 

14.0 

1.5 
- 
14.0 
- 

1.1 
- 
- 

1.9 
- 

3.3 6.4 
>30 >30 

3.2 3.3 
7.7 11.0 
9.8 12.0 

1.4 2.0 
4.6 5.2 
9.1 21.0 

1.5 1.1 

1.3 1.3 
- - 
- - 

1.8 
1.8 

- 
1.9 

3.0 1.9 
4.8 - 

3.3 2.5 
6.0 5.3 
8.7 6.7 

1.0 I.1 
1.0 1.0 
1.4 1.4 

- 0.8 

1.0 0.9 
- 0.9 
- 1.1 

0.6 0.6 
0.6 0.6 

9.3 6.7 
>30 >30 

9.6 9.5 
>30 >30 
>30 >30 

2.4 2.2 
- - 

>30 >3rJ 

3.4 2.8 

i-4 1.8 
- - 
- 

4.6 4.6 1.5 6.3 
5.2 4.2 1.1 1.0 

- 

3.2 3.0 
- - 

8.6 >30 
11.0 19 
12.5 22 

1.7 1.4 
2.3 2.4 

- - 

1.8 1.5 

1.6 .1.5 
- - 

sodium formate buffer (pH 3.2). About loo0 absorbance units (A& of chlorprotia- 
z&e in 50 ~1 of buffer were introduced into the column. The column was eluted with 
the formate buffer at a flow-rate of 13.5 d/h. Fractions of 2.25 ml were collected 
and the absorbance at 255 nm was measured. As shown in Fig. 5, a main component 
was separated from four more rapidly moving sub-components or impurities. 

Experiment with ascorbic acid 
Two pellets of Hybrin were dissolved in 10 mI of 0.1 M sodium formate buffer 

(pH 3.2) and the solution was centrifuged. A 3-ml volume of the clear supematant 
was applied to the same ANA-Sephadex G-25 gel as in the previous experiment, 
but with a bed of V, = 42 ml (tube I.D. = 1.5 cm). The column was eluted with 
the formate buffer at a flow-rate of 11.2 ml/h and fractions of 2.8 ml were collected. 
The absorbance at 282 nm was measured and the absorption spectra were determined 
for the substances in the peak tubes. Fig. 6 shows the chromatogram with the ab- 
sorption maxima marked. In this instance the impurities travelled more slowly than 
the main component. 

Separation of some heterocyclic compounds 
A l-ml volume of a mixture of aUoxane, barb&uric acid, caffeine, xanthhe 

and benzimi dazole, each with an gbsorbance in the range of 4-20 units at 265 - 

(200 pmolejg), was introduced into a column (26 x 1.5 cm) of DC@Sephadex G-25 
in 0.1 M ammonium formate buffet (pH 3.2) at room temperature. The chromato- 



45 4 Qllocirmtrbnc- 
LO 
LO 

20 

20 

10. 

zn Lo Q 80 lQ0 F?ZCtUE-d 48 

Fig. 5. chromatogram of a chlorpromazine preparation on ANA-Sephadex in sodium formate buffer, 
pH 3.2. c..- 

Hybrin (C-vitamin) 

Fig. 6. Chromatogram of an ascohic acid preparation (Hybrin) on ANA-Sephadex in sodium for- 
mate buffer, pH 32. 

_% 

gram was developed at a flow-rate of 11.0 ml/h and 2.7%ml fractions-were collected. 
The absorbance at 265 nm was measured and the elution proHe is shown in Fig. 7 
(full l&e). In a similar run with xanthine and imidazole (measured at 240 nm), the 
distribution shown by the dotted line in Fig. 7 was obtained (see also Table II)_ 

Fig. 7. Separation of an arti&iaI mixkue 6f some hete&ycIic compounds on DCQ-Sephadex G-25 
at 2w in 5.X &w 

- _. 
zimmotium form&e sser, pEF3.2. 

_ _ s_. 



CEARGE~TRANSSFERAND WATER-MEDIATED CEIJXOMATOGt?APHY 6L 

Separation of some B vitamins 
An artificial mixture of the vitamins pyridoxine, folk acid, riboflavine and 

thiamine, each in amounts corresponding to between 10 and 20 absorbance units 
at 280 nm, and B12 (cyanocobalamin), 4.3 absorbance units at 540 nm, was dissolved 
in 1_ L ml of 0.1 M ammonium acetate 4pH 5.0). T&e sample was applied to a column 
(2.5 x 1.5 cm) of DCQ-Sephadex G-25 (200 pmole/g) in the buffer and .thti-Column 
was efuted at 20” with 0.1 M ammonium“ acetate. Fractions of 2.7 ml were collected 
and the absorbance was measured (Fig- 8). 

Dem&kg ad “desugark&’ exj2erimerz.t 
In order to show the possibility that a substance with V,lV, >> I can be isolated 

from a solution with a high concentration of salt and neutral substances with VE/ 
V, < 1, a model experiment was performed with 0.25% serotonin dissolved in 4 M 
NaCl and containing 5 % of glucose. A sample of 5 ml was introduced into a column 
(9_ 1 x 1.4 cm) of pentachlorophenyl-S-Sephadex G-25 in 4 M NaCl and 5 % glucose. 
The sample was followed by 20 ml of 4 M NaCl in 0.1 M ammonium acetate buffer 
(pH 5.0) and then by distilled water. The experiment was carried out at room tem- 
perature at a flow-rate of 1 l-4 ml/h and l-9-ml fractions were collected. The distribu- 
tion of UV-absorbing material in the fractions was measured at 280 and 250 run, 
the glucose by the orcinol method and the salt by condu&vity measurements. The 
absorbance spectra for the peak tubes (6 and 22) were also determined. 

Two fractions absorbing at 250 and 280 nm (with different absorbance ratios) 
were obtained (Fig. 9). The more retarded main component was found to be serotonin, 
whereas the other was an unidentikd impurity. The glucose and NaCl were separated- 
from the serotonin to the extent of more than 99.9 %. The tail of the serotonin peak 
seems to contain impurities with absorbance spectra similar to that of serotonin. 

DISCUSSION 

In this work we co&ined ourselves to acceptor adsorbents, but don& ad- 
sorbents are also very promising 12. Obviously the present study is preliminary and 
incomplete and should therefore be considered only as one of the first steps in a 
series of systematic attempts to find practical working conditions for electron charge- 
transfer dependent chromatography. Much more remains to be done before we shall 
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Fig. 9. Desalting and desugarhg of serotonin containhg 5% glucose and 4 M NaCl. The run was 
made on a colunm (9.1 x 1.5 cm) of PCP-Sepbadex at 20”. 

be in a position fully to exploit the great flexibility of CT chromatography. We can- 
not overemphasize the complexity of the adsorption properties revealed by our data. 
This complexity is due to the interplay of many simultaneously and cooperatively 
interacting adsorption-promoting phenomena_ 

It is obvious that the introduction of acceptor ligands into Sephadex in most 
instances reinforces the adsorption of zslectron-rich solutes, even if interesting ex- 
ceptions have been found among our test materials. This fact indicates that similar 
interactions might be operative in the a&t&y of solutes for the matrix structure itself. 
Let us therefore first discuss the adsorption properties of the unsubstituted matrix 
gels and then compare them with those of the derived adsorbents. 

Aa!sorptfon to the gel matrix 
All of the gels described in this paper are based on the extensively cross-linked 

dextran Sephadex G-25. We have also made preliminary studies with agarose and 
c&dose, the results of which will be published later. Sephadex contains glucose units 
connected by glucosidic linkages. In addition, cross-links of the-glycerol diether type 
and glycerol ether substituents (-Q-CH ~HOH-CH~OH) are present. Carboxylic 
and other ionogenic groups are virtually absent. Despite these facts, adsorption 
phenomena do occur with cross-linked dextran and one must therefore assume that 
either oxygen, primary or secondary hydroxyl groups or matrix-bound water mol- 
ecules act as adsorption centres. In the activation with epichlorohydrin used in the 
synthesis of acceptor adsorbents, one cannot avoid introducing an excess of residud 
oxirane substituents, which, upon hydrolysis, increase the concentration of glycerol 
groups in the polysaccharide network. These increase the inherent affinity for zz- 
electron-rich substances such as rryptophan- The reciprocal order in the relative elu- 
tion volumes of Phe, Tyr and Trp and their ki values in eqn. 4 (O-91,0.79 and 0.53, 
respectively) indicates that Sephadex G-25 functions as a z-electron acceptor. This 
is due to the presence of hydroxyl groups iu the matrix (or to bound water). Support 
for this hypothesis can be found in the literature; where, for example;the mutual 
interaction between alcohols and z-electron donors has been described. Tamres2’ has 
shown a frequency shift in the stretch vibrations of the hydroxyl of methanol when 
benzene, mesitylene and other aromatics are added as electron donors. Similar ob- 



CBAEtGE-TRANSFER AND WATER-MEDIATED CHROMIATOGRAPEiY 63 

servations for n-butanol_ have been reported by Iosien and Sourisseau~ and Basila 
ef (r1.29, and one can also cite-Mull&en and PersonU- The stmcture of an aroruatic- 
hydrophilicadsorption CompIexcanbedepi~~symbolicallyas 

The distance between the interacting charge centres should be within the range 2-4 A 
in al! cases of charge transfer. 

Tryptophan, with an increased electron charge on C3 of the indole ring’“, can 
be represented as 

Hydrogen bonding of the type indicated in the previous formula is possible for 
tyrosine, but the phenolic hydroxyl group may also be hydrogen-bonded to either 
oxygen or hydroxyl groups in the matrix. The phenolate ion is apparently a weaker 
donor than the non-ionized phenol, as is evident from the V,lV, values of Tyrz and 
Tyr,. 

The adsorption phenomena observed on cross-linked dextran are complex in 
nature and may involve water that is strongly bound to the gel, in addition to direct 
interactions with ether oxygen and hydroxyl groups. Consequently, adsorption is 
mainly accounted for by hydrogen bonding and thus amounts to a special form of 
proton-ekzctron charge transfer. 

Adsorption to the acceptor gek 
Upon fixation to the matrix, the ligand substance will undergo a change in 

its electron afhnity, especially if a substituent alteration takes place at or near the 
z-electron-rich ring system. As close contact is necessary (24 A) for charge transfer 
to occur between solute and l&and, it seems obvious that steric e&&s of the matrix 
might be important. The restricted molecular motiiity of the ligand and the steric 
hindrance caused by the matrix might decrease or prevent orbital overlapping and 
might also change the kinetics of complex formation. The consequences of these fac- 
tors cannot be predicted. We therefore emphasize our finding that the relative elution 
volumes (V,lV,) of many donq:substances seem to correlate with the electron .a& 
finities of the ligaruls when the degree of substitution and the sHoMo of inalogous 
or similar acceptors are taken into account. The sequence of increasing acceptor 
poteni=y s-eems to be as follows: Sephadex < ANA-Sephadex < PCP-Sephadex < 
DNP-S-Sephadex c DCQ-Sephadex (in acidic and neutral solution). Among the 
ligands tested, the quinone ligand iu DCQ-S-Sephadex-has by far the strongest ac- 
ceptor power as-measured at pH 3.2 and 5.8. 

A more rigorous proof that charge-transfer adsorption does in fact occur re- 
quires quantum pzechanical calculations and also a more comprehensive experimental 
study in which the contributions due to other adsorption factors have been eliminated 
or have been quantitatively acci>unteci for. _ .__- _ 

In a few instances the formation of eoloured complexes has been not&d~. 
For example, if serotonin or pyrogallol is introduced into a bed of DNP-S-Sephadex 
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at high concentration, one observes .a red zone against aI yellow background. The 
red zone migrates through the bed and the-substance elutes in a colourless solution 
with retention of its characteristic UV spectrum. In other instances it is not easy 
to find evidence for the formation of a charge-transfer adsorption complex, but we 
can often eliminate certain other adsorption phenomena as main causes for the ob- 
served efiects. However, when ionization takes place according to eqn. lc, a charge- 
transfer complex may have only a transient existence. 

The ligands used are man or less hydrophobic and hydrophobic adsorption 
can therefore be expected. The influence of temperature on the adsorption can serve 
as a guide in estimating the relative importance of hydrophobic interaction versL(s 
electron charge transfer (and similarly influenced adsorption effects). In the former 
instance, YE/V, would increase when the temperature is increased, whereas the op- 
posite would be expected for charge-transfer adsorption (and hydrogen-bond-depen- 
dent adsorption). No comprehensive study of the temperature effects has yet been 
made, but most experiments, including those documented in Table I, show that ad- 
sorption increases when the temperature is decreased. A few exceptions do occur. 
At pH 8.8, mono-, di- and triphenylalanine are adsorbed more strongly to penta- 
chlorophenyl-S-Sephadex at 20” than they are at 4”. The temperature effects tend 
to support the hypothesis that electron charge transfer is usuaUy more important 
than hydrophobic interaction in the adsorption of solutes to the eIectron-acceptor geis. 

Further insight into the relative importance of charge-transfer forces vis-ci-vis 
hydrophobic interaction is provided by the behaviour of the two tripeptides Val- 
Tyr-Val and Glu-Tyr-Glu. These adsorb equally strongly to pentachlorophenyl-S- 
Sephadex at 20”, but at 4” Val-Tyr-VaI is more weakIy adsorbed than is.GIu-Tyr- 
GILL If the gel was a typicalIy hydrophobic adsorbent the strongly hydrophobic Val- 
containing peptide should be much more strongly adsorbed than Glu-Tyr-GIu. We 
may represent the adsorption of a phenol to the pentachlorophenyl-S-Sephadex as 
follows : 

a a 

Q /(+A (% s-Mm-RIX 
- 

a a 

The ANA-Sephadex G-25 gel possibly exhibits weakly ionic properties, as it contains 
a secondary amino group (although aromatic) and possibly carboxylic groups arising 
from the hydrolysis of the imide in the alkaline medium used for coupling_ The gel 
seems to behave es a very weak acceptor gel with somewhat stronger hydrophobic 
properties in comparison with the other adsorbents. It has a low degree of substitution 
and does not seem to warrant further exploitation_ 

The dicyanochloroquinone gel is extremely interesting for two reasons. Firstly, 
the &and substituent has a very strong electron -&i&y, and secondly, there is the 
possibility of hydrogen bonding via the keto groups. Dicyanochloro-p-benzaquinone 
is one of the strongest erectron acceptors known. Probably d.iEerent kin& of JZ,Z- 
compIexes are formed involving, for example, the lone electron pair of the amino 
group in amino acids and peptides. -. 
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The_ occurrence of ring-substituted hydroxy! groups improves the adsorption 
considerably, as evidenced by dopamine, serotonin, tyrosine and tile tyrosine peptides. 
The adsorption of tyrosine in acidic solution can be represented as follows: 

tiydmgen bonding 

MATRIX 

Chromatography of a synthetic amino acid mixture on DCQ-Sephadex at pH 5.0 
(see Fig. 4) reveals some interesting interaction phenomena. A complete separation 
of the basic amino acids can be obtained. The elution order Lys < His < Arg shows 
that the degree of basic&y of the solutes cannot be the decisive factor responsible 
for their separation. The z4ectrons and/or the lone electron pairs on the nitrogen 
atoms play an important and probably a dominant role. This again indicates that 
the adsorption is probably due to charge transfer of z,z- and n,z-types in addition 
to hydrogen bonding. The carboxylic amino acids Glu and Asp migrate much faster 
than the neutral non-aromatic amino acids, as is the case on strong polystyrene 
sulphonate ion exchangers. If the molecules of water of hydration are oriented with 
their negative oxygen atom towards the free bulk water, there might be an electrostatic 
repulsion of acidic substances from the bound water layer. This could explain the 
rapid migration of GIu and Asp, and can also partly explain the retention of the 
basic amino acids (and the strong retention of tryptamine *compared with tryp- 
tophan). 

The relatively weak adsorption of Tyr and Tyr-Tyr (proved by several ex- 
periments, see Table I) shows that if z-z complexation occurs with the phenolate 
ion it must be rather weak_ Furthermore, the quinoid structure might be affected 
by pH change from acidic to alkaline medium. The alkaline form seems to be a weaker 
complex former and the ligand might react with strong nucleophiles. The stability 
conditions should therefore be studied more extensively. 

The adsorption of the tripeptides on to DCQ-Sephadex is particularly striking 
and is also in agreement with the conclusion that electronic charge transfer plays 
an important role, at least at low PH. The formation of charge-transfer adsorption 
complexes, possibly with contributions from electrostatic polarization, exrhangeinter- 
actions and-dispersion forces, seems to be the main cause for the adsorption of 
tryptophan, tyrosine and their derivatives. Amino groups and wboxyl groups seem 
to have a modifying influence on the adsorption, which is primarily governed by 
the arohtic structure of the solute-adsorbate. 

A comparison between eHoMO and VJV, for some substances tested shows 
(see Table n) that the correlation is not very impressive, although the tren.d is clear. 
The dipole moments for barb&uric acid, alloxane, benzimidazole, ca&ine and xan- 



66 J. PQRATEJ, B. LARSOEi 

TABLE II 
ELECTRON AFFINITY AND RELATJYE ELU-FION VOLUMES ON DCQSkPtiEX 
200 pmo!e/g of &and_ 

Tert substance &aowo V,l V, (pH 3.2 
and ZOO) 

Barb&uric acid 1.033 1.0 
Alloxane 1.033 1.3 
Phenylaianine 0.910 1.8 
Tynxine 0.790 2.2 
Irnidazole 0.660 4.8 
Benzimidazoie 0-W 7.2 
Thiamine 0.596 3.9 
Tryptophan 0.530 6.4 
xanthine 0.397 2.1 

thine are 1.04,2.10, 3.90,4.4 and 4.7 D, respectively. We observe that benzimidazole 
does not fit into this series either. Nitrogen-containing planar ring systems where 
the z-electrons are delocalized seem to interact more strongly than expected as judged 
from the published values for their &uoMo and dipole moments. 

The experiments with the commercial ascorbic acid preparation (Hybrin) as 
well as chlorpromazine (Figs. 5 and 6) demonstrate how CT chromatography can 
be used to detect and isolate small amounts of contaminants from highly pm-i&d 
preparations. The presence of the main component in a lOO-lOOO-fold excess does 
not seem to overshadow the chromatographic patterns to any sign&ant extent- 

Heterocyclic compounds which are not well suitable for fractionation by gas 
or ion-exchange chromatography may be separated on charge-transfer adsorbents, 
as demonstrated in Figs. 7 and 8. The strong influence of aromatic and pseudo- 
aromatic z-electron distributions on the adsorption is indicated. 

The fact that the chromatographic run is made in an eluent of constant eom- 
position and at low temperature eliminates the risk of “chromatographic artifacts”. 
CT chromatography should therefore be very effective in the analysis of physiological 
tluids such as urine, blood serum, cerebrospinal fluid and plant exudates and also 
for the analysis of pharmaceuticals, food additives, soft drinks, beer, liquor, natura1 
waters (sea water, surface and drain water) and industrial waste waters. it remains 
to be seen whether CT chromatography can be flier improved for organic and 
mixed aqueo-usorganic solvents_ 

Desalting and “desugaring”, as exemplified by the results shown in Fig. 9, 
demonstrate the possibility of removing efficiently very large amounts of non-adsorbed 
substances from an aromatic sample substance present in Iow,concentrations. Two 
fast-moving impurities were removed, but with the volatile bufIer at 4” the rear of 
the main peak indicated the presence of serotonin-like contaminants in fairly large 
amounts. This result indicates that it is preferable to work at a low temperature and 
in the presence of a volatile buffer rather than at room temperature and with distilled 
water as the eluent. 

In the literature, reference is often made to strongly tim&dependent complex 
formation requiring several hours or longer17.31, especially_+t temperatures below 
freezing. We have not encountered any complications with respect to the time nec- 
essary for adsorption or desorption. In all instances where V#, 4 10 we have ob- 
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served linear chromatography. No systematic attempts have yet been made to minimize 
the theoretical plate heights of the beds. From the spreading of Trp in Fig. 4 we can 
estimate the number of theoretical plates to be of the order of 4000-5000. According 
to Giddings’ equations=: 

n = 1 f 0.6N’P 

for liquid chromatography, where n is the maximum munber of resolvable components 
and N is the number of plates. On the basis of this equation, we estimate that an 
SO-cm column of electron-acceptor adsorbent could resolve a mixture of 35 com- 
ponents or more with properly spaced distribution coeiKcient.s (association constants). 
In the V,lV, range 0.5-3, a difference of 0.1 V, units should be sufficient for the 
complete separation of two solutes on a column of optimal dimensions. With reference 
to the spreading of the V,lV, values shown in Tables I and II, we can therefore 
take a very optimistic view concerning the future of-CT chromatography in aqueous 
media. 

Our programme on charge-transfer adsorption was initiated to m&t a demand 
for improved separation methods applicable to peptides and oligonucleotides. The 
eEect.s shown for substances with many differently localized donor centres, such as 
Trp-Trp; Tyr, and PheB, make CT chromatography very promising. Problems are 
likely to be encountered in connection with the elution of very strongly adsorbed 
substances and non-linear chromatographic techniques involving the use of dis- 
placers. Such problems are at present under study. 

The synthesis of the acceptor gels has not been optimized in any case. It should 
be possible to increase the yields considerably and perhaps to reach ligand concentra- 
tions above 500 pmole/g. Other kinds of synthetic methods might sometimes be 
preferable, e.g., using strongly reactive ligand substances and an organic reaction 
medium. It is evident from the results presented here for DCQ-Sephadex, for ex- 
almple, that a higher resolution can be obtained and probably also a much higher 
capacity_ The optimal capacity has not been studied systematically but seems, at least 
in some instances, to approach the theoretical value calculated from the ligaud con- 
centration. 

CONCLUSIONS 

The adsorption behaviour of electron-acceptor gels is very different from that 
of ion exchangers and hydrophobic adsorbents. Some preliminary generalizations 
with regard to the relatiopships between molecular structure and chrtiatographic 
behaviour can be made: (1) aromatic and other planar ring systems promote‘ ad- 
sorption; (2) nitrogen with a lone electron pair also promotes adsorption; (3) acidic 
groups usually tend to weaken adsorption; and (4) several donor centres within the 
same solute molecule cooperate to give a considerable enhancement in solute-gel 
interaction. 
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